Introduction {#sec1}
============

Touch screen technology acts as an interface between computers and users, providing them a strong control of the device (PCs, smartphones, mobile phones, tablets, and in many other information devices) and an easy and accessible visual experience. Its simplicity and popularity gives impetus to a highly promising market,^[@ref1]^ which seems to have tremendous growth potential.^[@ref2]−[@ref4]^ In fact, the industrial production of touch panels has developed rapidly over the past two years; already the first capacitive touch panel has been marketed, and several companies have built up or expanded production lines with annual capacity of several million touch screens.^[@ref5]^

Over the last five years, extensive research efforts have shown that polymer-based touch panel displays consisting of transparent conductive films (TCFs) that incorporate graphene (or carbon nanotubes) are considered as key components in current and future optoelectronics such as in flexible, stretchable, and wearable devices.^[@ref1],[@ref6]−[@ref10]^ As in many other fields, however, in which graphene is looked upon as a replacement material for future applications, significant challenges must be tackled, and further work is needed to understand fully the performance of these devices in field applications.

Graphene, as a transparent conductor, shows a multitude of advantages such as mechanical stretchability, flexibility, and integrity,^[@ref11]^ chemical stability,^[@ref12]^ a wealth of fabrication methods (wet or dry processes),^[@ref13]−[@ref15]^ various doping strategies,^[@ref16]^ low values of sheet resistance,^[@ref17]^ and low absorption in a wide spectral range.^[@ref18]^ Large area continuous polycrystalline graphene, synthesized by chemical vapor deposition (CVD) on metal substrates, shows the best performance as a conductive transparent film.^[@ref8],[@ref19]^ Moreover, turbostratically stacked few-layer graphene is generally favored for low sheet resistance *R*~s~ of conductive films, because *R*~s~ is inversely proportional to the number of layers.

The fabrication of touch panels requires the transfer of graphene layers onto a transparent and flexible substrate. Various transfer techniques^[@ref20],[@ref21]^ for large area graphene films onto polymer substrates (e.g., PMMA, PET, PDMS) have been developed with the aim of minimizing any induced structural distortions (wrinkles, cracks, or even holes) on the graphene membranes. Recently, the direct transfer of transparent conductive graphene films (TCF) of more than 100 m in length that exhibit *R*~s~ values in the region of 500 Ω/□ has been achieved in an industrial environment.^[@ref19]^ Up to now, two methods have been employed to minimize the *R*~s~ value of a TCF, the layer-by-layer monolayer stacking^[@ref22]^ and the direct growth of few layer films.^[@ref23]^ The former strategy is time-consuming and results in the dramatic increase of the production costs with the number of layers. The second strategy suffers from the lack of uniformity regarding number of layers, but, despite that, it seems to be a more favorable fabrication method.

Touch panels over their lifetime (typically a few years) are subjected to bending stresses, as well as to dynamic contact stresses transmitted by forces exercised by the operator's finger or commercial styluses. Thus, it is of paramount importance to examine in depth the overall mechanical performance of a touch panel display. In this Article, we monitor the mechanical response of a prototype display, which is comprised essentially of two layers of CVD graphene embedded into PET, by means of Raman spectroscopy, tensile loading, and contact-point fatigue measurements. The static mechanical experiments involve the cyclic loading under applied uniaxial tension up to 3%, while measuring the strain transfer efficiency from the PET matrix to the graphene by monitoring the shift of the 2D Raman peak.^[@ref19]^ Alterations of the graphene morphology are examined by Raman mapping and thermomechanical testing of the display over frequency and temperature ranges of 0.1--100 Hz and 25--60 °C, respectively, which are analogous to the conditions encountered in real-life applications.

Results and Discussion {#sec2}
======================

Tensile Strain Application in Graphene-Based Prototype Display {#sec2.1}
--------------------------------------------------------------

[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a shows an image of the prototype graphene flexible display kindly supplied by Bluestone Global Tech (see [Experimental Methods](#sec4){ref-type="other"} for details). A representative spectrum in the G and 2D peak regions from the embedded double graphene films incorporated in the prototype is shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b. Because of the high Raman scattering intensity of PET at about 1614 cm^--1^, the G peak is partially masked.^[@ref24]^ Thus, it was necessary to use the strain sensitivity of the 2D peak for the mechanical assessment of the touch panel.

![(a) A characteristic spectrum of the embedded graphene films within the prototype display. The G peak of graphene overlaps with a strong peak at 1614 cm^--1^ from PET and appears as a weak shoulder. (b) Image of the prototype display.](am-2016-05227f_0002){#fig1}

Because of its high strain sensitivity and high intensity, the 2D peak is an ideal phonon mode to follow the evolution of strain.^[@ref25]^ To minimize the background signal arising from the surrounding PET matrix, a detailed Raman depth profile analysis of the screen has been carried out. The plot of the 2D Raman spectral intensity recorded by scanning across a section of the display (step size ∼1 μm) is shown in [Figure S1](#notes-1){ref-type="notes"}; the maximum signal of 2D peak is found to be recorded at a depth of 115 μm from the top surface (*z* = 0, [Figure S1](#notes-1){ref-type="notes"}) of the display panel.

Because of the design of the devices employed in display panels such as in mobile phones, bending forces can subject the top graphene/polymer layer to either tension or compression. Here, we have chosen to conduct tensile measurements to understand how stresses are transferred to the graphene layer and to monitor possible failure mechanisms upon loading. The experiments were performed using a microtensionmeter integrated to a confocal Raman microscope, which allowed us to perform simultaneous Raman measurements. Characteristic Raman spectra of the 2D peak for various applied strain levels using the 785 nm excitation wavelength are presented in [Figure S2](#notes-1){ref-type="notes"}. A double peak feature is apparent mainly at higher strain levels. The most intense component at 2605 cm^--1^ corresponds to the intrinsic 2D response of CVD graphene and the weaker one at 2622 cm^--1^ to an overtone Raman mode of PET that does not shift with strain.^[@ref24]^

In [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a (first run), the fitted 2D peak frequency position, Pos(2D), versus the applied axial strain is plotted (characteristic Raman spectra are presented in [Figure S2](#notes-1){ref-type="notes"}). The Pos(2D) of the embedded graphene in the as-received (prior to external loading) was ∼2605 cm^--1^, whereas the stress-free value is located at ∼2595 cm^--1^, thus indicating the presence of compressive residual prestrain in the area examined. This is mainly attributed to the graphene growth and transfer processes and possibly also to the morphology (roughness) of the underlying substrate.^[@ref26],[@ref27]^ Considering a value of 154 cm^--1^/% for the strain sensitivity of the 2D mode of a flat monolayer under biaxial deformation, which is the same for free-hanging and embedded graphene,^[@ref28]^ an initial biaxial compression of about −0.07% is estimated.

![(a) Pos(2D) and (b) the corresponding FWHM(2D) for the CVD graphene incorporated into the flat panel display as a function of applied uniaxial strain for three different runs (same sampling area). (c) Pos(2D) and (d) the corresponding FWHM(2D) for two consecutive deformation cycles as a function of applied uniaxial strain.](am-2016-05227f_0003){#fig2}

In tension, the Pos(2D) red-shifts linearly at a rate of −16.3 cm^--1^/% for applied strain up to 1.4%, whereas at higher loadings the wavenumber is observed to relax back reaching the value of 2593 cm^--1^ at 3%. Similar results are depicted in [Figure S4](#notes-1){ref-type="notes"} where the strain evolution of the 2D peak position and its corresponding full-width-at-half-maximum (FWHM) were captured from another sampling area. In this case, the initial biaxial compression is estimated to be 0.13%. The 2D wavenumber red-shifts at a rate of −18.9 cm^--1^/% up to the onset of sliding (∼0.8%), while for greater strains a relaxation toward its initial value is observed.

In previous studies,^[@ref29]−[@ref38]^ it was demonstrated that the loading of exfoliated graphene/polymer model composites results in the development of a shear stress at the interface between graphene and the surrounding polymer matrix, which is responsible for the transfer of stress/strain to the inclusion. To transfer the applied load efficiently from the polymer to graphene, a specific critical transfer length (*L*~t~) along the axial direction is required. As is well-known in composites mechanics,^[@ref36]^ if the graphene length (*L*) along the axial direction is smaller than 2*L*~t~, then the graphene flake is not stressed efficiently and only a fraction of load is transmitted through the polymer to the membrane. Recently, the overall required length for efficient load transfer in similar graphene/polymer systems was estimated to be ∼4 μm.^[@ref32]^

In a recent study^[@ref39]^ concerning the uniaxial deformation of CVD graphene onto a PET substrate, we showed that the transferred CVD graphene has a characteristic wrinkled morphology comprised of flat isolated graphene islands separated by out-of-plane wrinkles, which are sticking up above the PET substrate; thus a hollow region within the wrinkles is formed in which there can be no stress transfer, giving rise to the mechanically isolated graphene "islands" ([Figure S5](#notes-1){ref-type="notes"}). The mean size of the graphene "islands" is about 1.5 μm, while the height of the accompanied wrinkles is of the order of 15 nm.^[@ref39]^ Inside the "islands", the transferred graphene is nearly flat, suggesting that good CVD graphene/PET adhesion in these areas is plausible.^[@ref39]^ A downshift of the 2D peak position under uniaxial tensile strain at a rate of 12.8 cm^--1^/% is recorded, which is significantly lower than that obtained for flat exfoliated graphene embedded into polymer.^[@ref28],[@ref32],[@ref40]^ In particular, in a recent work by some of the authors^[@ref40]^ concerning the deformation of CVD graphene that exhibited fewer wrinkles supported on a PMMA substrate, it was shown that if the area of the graphene island increases at the expense of the folds, then a more efficient stress transfer (around 50% in that case) can be accomplished.

Because of their formation, wrinkles are mechanically free because of the absence of interface with the substrate.^[@ref39]^ The buildup of normal stress takes place from the edges of the islands and reaches a maximum value at some distance of *L*~t~ away from the edges, whereas the interfacial shear stresses exhibit a maximum at the edges and die away as one moves into the specific island. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} depicts schematically the proposed stress transfer mechanism. Therefore, due to the relatively small size of the graphene islands, the buildup of strain within them is small because the size along the axial direction is smaller than the critical length (*L* \< *L*~c~).

![(Left) Schematic representation of the wrinkled morphology and the formation of "islands" in the embedded graphene system; (Right) Predicted stress transfer profiles across the graphene flat regions. PET: poly(ethylene terepthalate) EVA: ethylene vinyl acetate.](am-2016-05227f_0004){#fig3}

To further investigate the topography of embedded CVD graphene, we have performed polarized Raman measurements based on a recent work by some of the authors.^[@ref41]^ Because of the double or even triple resonant nature^[@ref41],[@ref42]^ of the Raman scattering in graphene, a relatively intense Raman signal can be obtained from the transverse sections of graphene monolayer. The inset in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} explains the specimen geometry relative to the incident linear polarized light. Raman spectra were collected from sections of the display in the backscattering geometry with the direction of laser propagation along the *x*-axis (parallel to the plane of display). For these polarization arrangements, fixed spectra were taken by rotating the display to different angles with regard to the angle Φ~*x*~ (inset of [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}) and at steps of 10°. The results for the 2D peak intensity are presented in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}.

![2D peak intensity variation of the display's CVD graphene with the angle Φ~*x*~ (laser beam direction along the *x*-axis). The inset presents the chosen Cartesian coordinate system relative to the surface of the display. The laser beam direction and the polarization vectors of the incident and scattered beams are shown.](am-2016-05227f_0005){#fig4}

According to the analysis presented in ref ([@ref41]), the orientation distribution function, which describes the spatial orientation of embedded graphene in nonpolar materials such as graphene, can be analyzed in even degree Legendre polynomials *P*~*i*~(cos(θ)) having the corresponding ⟨*P*~*i*~(cos(θ))⟩ as order parameters.^[@ref41]^ Polarized Raman spectroscopy has the ability to determine only the ⟨*P*~2~(cos(θ))⟩ and ⟨*P*~4~(cos(θ))⟩. The extracted values for the ⟨*P*~2~(cos(θ))⟩ and ⟨*P*~4~(cos(θ))⟩ are 0.29 and 0.21, respectively. These values are smaller than those determined from graphene deposited onto PET film and mounted in polymer resin, being 0.86 and 0.79, respectively. The results show sharp deviation of the graphene membranes from in-plane orientation, which can be attributed to the wrinkled morphology of the graphene inside the display. Moreover, we have calculated the Krenchel factor,^[@ref43]^ referring to orientation effects on stress transfer efficiency, for the display as 0.66. This would predict a 2D peak shift rate of around 38 cm^--1^/% (=0.66 × (−57.5) cm^--1^/%, where −57.5 cm^--1^/% is the reference slope of 2D peak for 514 nm) for uniaxial deformation, which is much higher than the measured shift rates (see below). As mentioned earlier, the further reduction of the shift rate per strain is attributed to the size of the flat region (islands) of the flake, which is not sufficiently large to allow efficient load transfer.

Very recently, we have established^[@ref44]^ a simple correction method to convert the nominal applied strain (ε~appl~) to actual graphene strain (ε~CVD~) in cases where the flake length is smaller than the critical length. This is based on the comparison of the measured wavenumber shift per strain to the reference slope (−57.5 cm^--1^/% for 514.5 nm), which yields ε~CVD~ (%) = ε~appl~(%)(−16.3 cm^--1^/%)/(−57.5 cm^--1^/%) = ε~appl~ (%)·0.30 or approximately 30% efficiency. Pertinent values of 2D strain sensitivity as a function of excitation wavelength and the Poisson ratio of the encapsulating polymer matrix have been given elsewhere.^[@ref44]^

In the case of a continuous embedded membrane, the length *L* ≫ *L*~c~ = 8 μm, which does not have grains or discontinuities, all of the applied strain should have been transmitted to graphene. Provided that the two materials are in perfect contact, no relaxation of graphene strain should have been observed up to polymer failure. The observed wavenumber plateau and subsequent relaxation for applied strains higher than 1.4% (∼0.4% on graphene) indicates that beyond that strain level the polymer yield point has been exceeded and no further stress is transferred to graphene ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a).

Raman linewidths give complementary information regarding doping, strain, disorder, number of layers, and morphology of different types of graphene.^[@ref45],[@ref46]^ For graphene grown on copper, the FWHM(2D) varies between 28 and 40 cm^--1^.^[@ref45],[@ref47],[@ref48]^ CVD synthesized graphene exhibits a larger FWHM at rest as compared to exfoliated flakes (∼24 cm^--1^)^[@ref49]^ as a result of the growth-induced strain, doping from the metal substrate,^[@ref50]^ thermally and topographically induced folding and rippling of the membrane, as well as being due to the presence of grain boundaries and annealing twins.^[@ref51]^ In our case, the presence of two CVD grown graphene films transferred sequentially, one on top of the other, is another source of peak broadening, because it amplifies the out-of-plane instabilities of the graphene membranes and the inhomogeneities of the in-plane strain.

In [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b (first run), the FWHM of the 2D peak is plotted as a function of applied strain. The initial FWHM (2D) is about 40.2 cm^--1^. It is evident that 2D broadens considerably at a rate of 16.4 cm^--1^/% for applied (actual) strains up to ∼1.8% (∼0.4%), reaching the value of 70 cm^--1^ after which a smooth decrease is observed. The variability in the 2D strain sensitivity of the individual grains due to the different size distribution and crystallographic orientation of the grains within the laser spot can merely explain the observed FWHM strain dependence.^[@ref39]^ Another important broadening factor relates to the double resonant nature of 2D peak.^[@ref46]^ As has been shown recently,^[@ref52]^ the application of uniaxial strain in exfoliated graphene results in a pronounced splitting of the 2D mode excited with 785 nm radiation. The 2D peak broadening is found to be ∼8 cm^--1^ for strains up to 0.4%. The overall 2D peak uniaxial strain response depends on the induced asymmetry of the Brillouin zone (BZ) and the direction of the incident laser polarization with respect to the strain axis along with the contribution of the inner and outer double-resonance scattering mechanisms.^[@ref53]^

Rapid retraction of the PET substrate upon specimen unloading subjects the graphene to compression again (the Pos(2D) reverts to 2602.7 ± 0.4 cm^--1^, which corresponds to a strain of −0.05%). The observed decrease of the residual compressive strain at the end of the cycle is possibly due to graphene relaxation during PET plastic deformation over 1.4% of strain. Further loading/unloading of the display (second and third runs, [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a) leads to lower values of shifts of Pos(2D) with strain, which indicates gradual deterioration of the stress/strain efficiency as a result of PET plastic deformation (see also [Figure S6](#notes-1){ref-type="notes"}).

Deformation of the Graphene Display during Loading and Unloading Cycles {#sec2.2}
-----------------------------------------------------------------------

To capture the changes occurring during mechanical deformation of the graphene/PET system, we have conducted Raman measurements on a different area of the display during both loading and unloading cycles. The results presented in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c show that the 2D peak red shifts linearly at a rate of −7.0 cm^--1^/% for applied strain up to 1.6%, whereas at higher uniaxial loadings the Pos(2D) is found to fluctuate around the stress-free value of ∼2595 cm^--1^ up to 2.8% of applied strain (see also [Figure S3](#notes-1){ref-type="notes"}).

During the decrease of the applied strain on PET (unloading), a linear blue shift of the 2D peak at a rate of 7.6 cm^--1^/% is observed for deformations up to 0.8%. It is important to point out that within experimental error, the slopes of Pos(2D) per strain are identical for both the loading and the unloading regimes. As was also postulated earlier, the Pos(2D) are related to the stress values in the tensile stress--strain curve of pure PET, which is shown in [Figure S6](#notes-1){ref-type="notes"} for quasi-static deformation that emulates the conditions of the Raman experiment. As shown, a linear relationship between stress and strain is observed for both specimens (pure and prototype PET) up to 1.5%, whereas beyond that strain level plastic yielding seems to be initiated, leading to a significant decrease in slope.

Hence, the Pos(2D) of graphene seems to be dependent on the stress that material experiences and does not follow the strain of the host matrix. In other words, when the substrate is yielding due to plastic deformation, the 2D phonon position is "locked" as the graphene inclusion cannot be loaded any further. The Raman shift captures perfectly this effect as it is only sensitive to the presence of "stress" in the graphene material and not "plastic strain".^[@ref54]^ During unloading, both films examined follow a typical hysteresis curve. When the external load has reached almost a zero value, both films appeared to have a residual strain in the range of 1.6--1.7%, proving that when a polymeric material is stretched beyond the point of plastic deformation, then it acquires a certain degree of permanent deformation upon unloading. The latter is a well-established mechanical behavior of thermoplastic polymers such as PET, where the level of permanent strain depends clearly on how far the polymer is deformed beyond its yield point.^[@ref54],[@ref55]^ The presence of plastic yielding for PET upon high tensile strains can be actually seen in the stress--strain curve of pure PET given in [Figure S6](#notes-1){ref-type="notes"}. Loading and unloading curves for pure PET are also presented therein to verify the conclusions above.

Recently, similar spectroscopic measurements were performed in simply supported mechanical exfoliated graphene lying on the top of PET.^[@ref31]^ The efficiency of stress transfer was analyzed using a nonlinear shear--lag model. The authors observed, upon unloading when PET was stretched up to 7%, a nonlinear behavior similar to that encountered here, the development of compressive stress/strain and reverse sliding along the interface.^[@ref31]^ AFM measurements showed that for tensile strains higher than 2%, buckling ridges are imposed upon the graphene on unloading. As the applied tensile strain to PET increases, the compressive strain that graphene experiences on unloading and then buckling ridges of higher density are observed.^[@ref31]^

This behavior is also very important for practical applications and can affect the efficient operation of flexible displays. Indeed, this is further corroborated by the second loading of the same sampling area ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c,d). As seen, graphene retains its residual compressive strain up to 1%, which corresponds to the permanent deformation of the PET matrix and then exhibits a similar shift of about 8.5 and 8.0 cm^--1^/% for the loading and unloading stages, respectively. Finally, it is worth noting that in the area examined, the slopes of the plots of Pos(2D) and FWHM(2D) versus strain obtained are significantly lower than in other areas examined such as those of [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a,b and [Figure S4](#notes-1){ref-type="notes"}, which is again attributed to the variability observed in the size of the graphene "islands" that take up the stress during PET loading.

Thermomechanical Response of Prototype Display {#sec2.3}
----------------------------------------------

To assess fully the integrity of the displays in a real-life operational environment, we have subjected the panels to dynamic mechanical analysis (DMA) at different frequency sweeps (0.1, 1, 10, 100 Hz) over a temperature range 25--60 °C for each frequency. At the lowest frequency (0.1 Hz) of the applied sinusoidal stress, the storage modulus is found to be 4.1 GPa. As the frequency increases, the storage modulus at 25 °C slightly increases, reaching the value of 4.4 GPa for both 1 and 10 Hz as well as 4.6 GPa for 100 Hz. The observed stiffness enhancement of the display specimens is typical for PET films.^[@ref56]^

Also, the temperature dependence is quite similar for all of the sweeps examined. The influence of the mechanical loading on the morphology of embedded graphene is examined by detailed postloading Raman mapping at ambient conditions at the end of 1 and 100 Hz frequency sweeps. In [Figure S7](#notes-1){ref-type="notes"}, contour maps of the Pos(2D) and FWHM(2D) before and after the 100 Hz/25--60 °C cycle are presented. Initially, the mean Pos(2D) (FWHM(2D)) over the 100 spectra taken in the 10 × 10 μm^2^ area examined is located at 2602.2 ± 0.5 cm^--1^ (45 ± 2 cm^--1^). After the 0.1 and 1 Hz sweeps followed by the temperature scans, the mean values increase to 2606.3 ± 0.5 cm^--1^ (43.0 ± 1.5 cm^--1^), respectively. At the end of 100 Hz/25--60 °C cycle, the corresponding value was 2604.9 ± 0.3 cm^--1^ (41 ± 1 cm^--1^).

These results indicate that the initial residual compressive strain of 0.13% increases to 0.2% after the 1 Hz/25--60 °C cycle, and it relaxes to 0.17% at the end of the multifrequency sweeps. Regarding the FWHM(2D), the peak seems to narrow by about 9% relative to its initial value. This might suggest a more homogeneous strain field imparted to the embedded large-area graphene sheets due to the partial unfolding of wrinkles and the subsequent flattening of the graphene films.

Functional Fatigue Behavior of the Prototype Display {#sec2.4}
----------------------------------------------------

Further as to the DMA experiments described above, we conducted functional fatigue experiments on the touch display by simulating the finger force of an average user via a mobile stylus over a tapped area of 20 × 20 μm^2^ on the specimen (experimental setup is shown in [Figure S8](#notes-1){ref-type="notes"} and in the corresponding [video](http://pubs.acs.org/doi/suppl/10.1021/acsami.6b05227/suppl_file/am6b05227_si_002.avi)). The effect of fatigue on graphene was evaluated by taking Raman maps within the tapped area.

The initial position of the 2D peak of the embedded CVD graphene is 2603.2 ± 0.5 cm^--1^. As compared to its stress-free value of ∼2595 cm^--1^ (exfoliated monolayer graphene), it corresponds to a small compressive strain (assuming biaxial stress) of about −0.055%. [Figure S9](#notes-1){ref-type="notes"} shows the evolution of the resulting force as a function of time, during the deflection controlled functional fatigue experiment. The results of the functional fatigue behavior and the blue-shift of 2D phonon position, corresponding to compressive residual strains, prior to and after the cycling experiment as obtained by means of Raman measurements are presented in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}.

![Contour maps of Pos(2D) and FWHM(2D) before (a,c) and after (b,d) the implementation of functional fatigue.](am-2016-05227f_0006){#fig5}

The mechanical experiments ([Figure S10](#notes-1){ref-type="notes"}) show that there is a gradual relaxation of the imposed maximum compressive force, which is actually depicted by the diminishing maximum compressive values of contact force with the applied loading cycles. The mapping of Pos(2D) after the functional fatigue experiment within the tapped area of an area of 20 × 20 μm^2^ ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}) implements a high residual compression exactly at the precise point of contact corresponding to a wavenumber shift of 10 cm^--1^, which gradually decreases concentrically to a value of 4 cm^--1^ ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b).

If we assume biaxial loading due to the conditions of the experiment, then the permanent compressive strain after the fatigue is of the order of −0.07% at the position of the tip of the stylus. Because the initial compressive strain (see above) was estimated to be about 0.055%, then we expect that on the completion of the experiment the embedded graphene is experiencing a compressive strain of ∼ --0.12% due to the contraction upon cooling. Taking into account that the linear thermal expansion coefficient of pure PET is α~L~ = 19 × 10^--6^ °C^--1^ (see [Experimental Methods](#sec4){ref-type="other"}), the variation of temperature Δ*T* relative to room temperature (23 °C) is given by the relation Δ*T* = 2α~L~ε~b~, where ε~b~ is the biaxial strain (0.0012) and the factor of 2 comes from the fact that in isotropic materials the area thermal expansion coefficient is twice the linear coefficient.

Hence, the maximum temperature induced at the point of contact value is estimated to be 58 °C, which is a quite reasonable value for the type of experiment described here. According to differential scanning calorimetry (DSC) measurements (see [Figure S11](#notes-1){ref-type="notes"}), a weak glass transition at about 80 and 78 °C for the pure PET and the prototype display, respectively, is observed, indicating that the functionality of the display is still maintained after the fatigue experiments were conducted. Further discussion regarding the optimal design for stretchable and flexible electronics, as the case study reported in this Article, is presented in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsami.6b05227/suppl_file/am6b05227_si_001.pdf), where an extension of the de Saint Venant and Kirchhoff theories is implemented.^[@ref57]^

Conclusions {#sec3}
===========

We have examined the application of axial tension to a prototype touch panel display. Such studies had not been conducted previously and are important because they can assist in product improvement and the design of new graphene-based displays. The microstructure of the CVD synthesized graphene plays a key role upon the suggested mechanism of stress transfer also in the case of embedded graphene examined here. The external stress is transferred solely by the graphene grains exhibiting strain variation along the tensile strain axis similar to that encountered in discontinuous exfoliated graphene flakes. At a certain level of applied strain, no further stress is transferred to graphene due to the plastic yielding of the polymer matrix.

Thermomechanical tests close to real operational conditions followed by Raman mapping revealed that the display is mechanically robust. The functional fatigue performance of the display showed that the maximum temperature developed is well below the glass transition temperature of the display. The results reveal how graphene films respond to moderate external loads and may have important implications in the fabrication of next generation flexible touch panel displays. Finally, it becomes clear that the observed graphene microstructure as a result of the CVD growth on specific substrates controls the stress transfer efficiency, which is a prerequisite for good conduction through finger contact.

Experimental Methods {#sec4}
====================

Fabrication of Flexible Graphene-Based Display {#sec4.1}
----------------------------------------------

The prototype display was manufactured by Bluestone Global Tech (New York). The two layers of CVD graphene transferred on PET to effectively reduce the influence of defects as well as nonuniformity. Because of the small size of the display prototype (less than 4″), external doping is not required. A thin ethylene vinyl acetate (EVA) adhesive was used to adhere the graphene to the PET. A highly stable (5W) Nd:YAG laser operated at 1064 nm was used to directly write onto the polymer to fabricate one-dimensional patterns. Finally, copper plating onto the predefined patterns took place.

Mechanical Tensile Tests {#sec4.2}
------------------------

### A. Cyclic Deformation {#sec4.2.1}

Rectangular strips of the display prototype with total length of 60 mm and width of 5 mm were carefully cut and mounted on an in-house microtensile tester. Axial deformations with a step of 0.2 μm can be applied. The microtensile tester was attached onto an XYZ piezoelectric translation stage (Thorlabs Inc.) with extremely high accuracy in positioning on the three axes, and the whole system was placed under a Raman microscope. For samples with a gauge length of 30 mm, the strain was applied at steps of 0.2%, which corresponds to an extension step of 60 μm. Two different cyclic tensile deformation tests were carried out to study the stress transfer and the strain sensitivity of the graphene within the display prototype.

#### I. Rapid Release of Loading {#sec4.2.1.1}

Three different tensile loading cycles at a maximum applied strain of 3.0%, 4.0%, and 3.0% were performed sequentially. In each cycle, the maximum strain level is reached then the specimen is released and allowed to relax rapidly to its zero strain state.

#### II. Gradual Release of Loading {#sec4.2.1.2}

Two deformation cycles at a maximum applied strain level of 2.8% and 3.6% were performed. For each cycle, a maximum tensile strain level was reached, and then the specimen was gradually released to its zero strain state.

### B. Functional Fatigue {#sec4.2.2}

The experiment was conducted on a Universal Servohydraulic Testing Apparatus (model: MTS mini Bionix) controlled by a MTS Test Star 40 processing unit. The maximum force capability of the machine was 250 N with an accuracy of 10^--3^ N. A specimen with total length of 60 mm and width of 5 mm was placed horizontally on the bottom grip of the MTS where an assembly was supported.

The assembly was a "sandwiched" structure designed to ensure the rigidity of the specimen and to secure the polymer surface from defects that may be caused by the contact of the surface with the grip surface during the fatigue experiment. The assembly consisted of a metallic plate at the bottom and a Teflon plate on the top, both with the same thickness of 10 mm. The specimen was placed and secured on the Teflon surface using adhesive tape at both edges. On the upper grip of the testing frame, a commercially available stylus, with a 7 mm diameter and suitable for capacitive screens, was mounted. The contact tip of the stylus was covered with soft elastomeric material. A photograph of the experimental setup is given in [Figure S8](#notes-1){ref-type="notes"}.

The experimental procedure involves sinusoidal movement of the upper grip, ensuring that the specimen contacts with the stylus every 1 s. The vertical displacement of the stylus was carefully adjusted so that the applied force on the specimen was within the range that a human fingertip applies on the screen of a cell phone. The resulting force during the whole procedure was varied within the range of 7--17 N, on the same contact point located in the middle of the specimen. The overall duration of the experiment was 23.2 h, which corresponds to 83 639 successive loading cycles. A video presenting a glimpse of the corresponding experimental procedure is given in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsami.6b05227/suppl_file/am6b05227_si_002.avi). A postfatigue Raman mapping of residual strains within the affected zone by the stylus was carried out, and the results were compared to the strain distribution of the same area prior to fatigue testing.

### C. Stress--Strain Curves {#sec4.2.3}

The influence of the external applied strain on the specimen was studied by designing a mechanical test, which simulated the quasi static tensile loading conditions that took place in the microtensile tester in terms of strain and time. The experiment was conducted on the same unit where the fatigue tests took place. The overall duration of the test, as well as the final strain level, were determined by the corresponding testing conditions during the Raman spectra acquisition.

The applied quasi-static consisted of a full strain-controlled loading--unloading cycle at a maximum strain of 4%. The displacement rate was calculated to be 0.005 mm/min. Two different types of specimens were used: (a) rectangular stripes of pure PET film (MELINEX ST506) with dimensions 60 mm in length, 10 mm in width, and 0.17 mm in thickness; and (b) rectangular stripes of the display prototype with dimensions 60 mm in length, 10 mm in width, and 0.30 mm in thickness.

All specimens were tabbed at the edges using glass/epoxy material to ensure a uniform stress--strain transfer and also to avoid local damage to the specimen due to excessive pressure at gripping points. The glass/epoxy tabs were attached to the specimen using fast-curing adhesive.

### D. Thermomechanical Measurements {#sec4.2.4}

The thermomechanical response of the graphene prototype display was investigated by means of Dynamic Mechanical Analysis (DMA) on a Q800, TA Instruments system. Rectangular stripes of 20 mm in length, 10 mm in width, and 0.30 mm in thickness were tested at various frequencies (0.1, 1, 10, 100 Hz) over a temperature range from 25--60 °C in each frequency. The heating rate was 1 °C/min, for all temperature scans. Raman mapping in a window of 10 × 10 μm^2^ (step of 1 μm) on each specimen was performed before and after the DMA tests to investigate any concomitant morphological alterations of graphene membrane that might have been taken place.

Raman Spectroscopy Measurements {#sec4.3}
-------------------------------

The Raman maps during the tensile test were conducted in an area 15 × 15 μm^2^ with a step of 3 μm in each direction. Depth profile analysis was performed by recorded Raman spectra at different depths from the display surface with increment of 1 μm. Raman spectra were collected using an excitation laser line at 785 nm (1.58 eV), using a MicroRaman (InVia Reflex, Renishaw, UK) spectrograph. The laser was focused on the sample using a 100× objective, while the laser power was kept below 1.5 mW on the sample to eliminate laser-heating effects on the probed materials. The polarization test was carried out using a Renishaw 1000 system with 514 nm laser excitation.

Differential Scanning Calorimetry {#sec4.4}
---------------------------------

To verify the thermal transitions of PET film (MELINEX ST506) and the display prototype, differential scanning calorimetry (DSC) was applied (Q100, TA Instruments). Both pure PET film and the display prototype specimens were circular in shape with a diameter of 5 mm and weight 4.7 and 8.7 mg, respectively. The pans used were standard aluminum, and nitrogen was used as a dynamic purge gas to flush the samples chamber during the tests. According to DuPont Teijin Films, pure PET film (MELINEX ST506) had a coefficient of thermal expansion of α~L~ = 19 × 10^--6^ C^--1^.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acsami.6b05227](http://pubs.acs.org/doi/abs/10.1021/acsami.6b05227).Further experimental data and explanations are given upon (a) depth profile mapping, (b) spectra evolution of 2D peak for various types of loading, (c) the dependence of Pos(2D) and the corresponding FWHM(2D) with the applied strain for another sampling area of the flexible display, (d) description of wrinkled graphene network, (e) stress--strain curves for PET and display film, (f) thermomechanical response of prototype display, (g) experimental setup of the functional fatigue test, (h) differential scanning calorimetry, and (i) optimal design ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsami.6b05227/suppl_file/am6b05227_si_001.pdf))A typical user finger force simulation via mobile stylus ([AVI](http://pubs.acs.org/doi/suppl/10.1021/acsami.6b05227/suppl_file/am6b05227_si_002.avi))
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